good microbial ecologist, like my graduate mentor Richard Castenholz, can take you on a walk with a field microscope through Yellowstone National Park or a swamp and point out recognizable populations of microorganisms. Some of these organisms are beautiful, and despite their exotic names-Sulfurihydrogenibium, Chloroflexus, Oscillatoria and Chromatium-they fit into the ecology of the landscape in important ways that we know and understand.
In fact, microbial populations exist nearly everywhere; and microbiologists with expert knowledge of environments as alien as a deep sea hydrothermal vent or as familiar as human skin can easily do what my mentor did. By growing colonies of microbial cells on an agar plate, they can name some of the species correctly by eye, and get most of them right with a few biochemical tests. There's no denying, then, that there exist things in nature that look and act like microbial species. The familiar way we name and relate to large organisms can work for microorganisms-but only sometimes.
Nature walks aside, studying the natural history of microorganisms is uniquely challenging for a host of reasons, one of which is that there are many different microbial "species"-or at least groupings that look and act like species. I use quotation marks because microbiologists still disagree as to whether microbial species exist, although all agree that there are a lot of different microorganisms on earth. Of course, there are a lot of beetles too, which prompted a famous quip by J.B.S. Haldane. When asked "What has the study of biology taught you about the Creator?", Haldane replied "I'm not sure, but He seems to be inordinately fond of beetles." If Haldane had known what we know today about microbial diversity he surely would have said "bacteria" instead, or perhaps "viruses." But, diverse as they are, naming beetles as species does not present fundamental problems; it only requires thorough biological procedures and perhaps a particular cleverness with Latin and Greek, the languages used for most scientific names.
So why does the concept of bacterial species evoke such controversy, and why does this controversy increase even as genome sequencing reveals the intricate details of microbial cells? Part of the problem is that no two microbial cells taken from nature are exactly alike. If ever there was a doubt, metagenomics-the process of sequencing bulk DNA from nature-has made it clear that microbial cells are very diverse at a genetic level. I came to grips with this the very first time I saw metagenomic data in the form of genes taken from seawater to identify marine bacteria. We were fascinated to discover that, although similar genes clustered to form groups, no two were identical. Apparently naming species with metagenomic data was not going to be so easy. Of course, this difficulty is not solely the province of microbiologists; if you open the drawer labeled "English Sparrows" in a museum of natural history, you'll see that these birds, after they were introduced to North America, diversified into tens if not hundreds of different morphotypes, many of which could easily fool an untrained observer into thinking they were different bird species. What is different about the microbial world?
Other branches of biology have encountered problems similar to those that plague the microbiologist, and have dealt with them, but the problem with microbial species isn't merely that there are many of them, or that there is so much variation. What makes microbial species especially difficult to define is the very complicated nature of microbial genetics, which has defied the enduring efforts of humans to explain things with simple models. Wikipedia provides a standard definition that highlights the difficulties faced by microbiologists: a species is "a group of organisms capable of interbreeding and producing fertile offspring, and separated from other such groups with which interbreeding does not (normally) happen." Strictly speaking, this definition doesn't apply to bacteria because they don't have sexual reproduction in the usual sense of the term. Bacterial and archaeal cells don't pair, recombine gametes, and undergo meiosis. But, just as bacteria in nature seem to a trained eye to form recognizable species, they also appear to have something similar to sex when scrutinized from a genetic perspective. In fact, this genetic exchange among bacteria is rampant in nature. Sex is basically recombination generating variation, which is then acted on by selection to produce evolution. In place of sex, bacteria have conjugation, transduction, and transformation. None of these processes are as efficient as sex in eukaryotes, in the sense that real sex is a process that randomly distributes variation within an interbreeding population. However, microorganisms do have a distinct edge in one respect: while eukaryotes stick to closely related partners, bacteria can sample genes from nearly any source, and if the new DNA is valuable to the cell, selection seals the deal. As a result, microbial genomes are a patchwork quilt of DNA from different evolutionary sources.
When microbiologists first became aware of microbial promiscuity, some proposed that the species concept should be retired from microbiology, but there is no sign that such a change will come about. In fact, microbiologists still use the same binomial system to name bacteria that Linneaus devised. The first reason for this is practical: we have to name things in order to organize knowledge. The second reason is more meaningful: there's no denying that in nature genes are organized into microorganisms to produce patterns that look like species, regardless of whether the process resembles sexual reproduction. Thus populations of Thiothrix, swaying in the sulfidic waters of a Yellowstone hot spring like a lion's sun-bleached mane in the wind, are unmistakable. But questions remain: how do microbial species manage to exist when the familiar mechanisms of sex (meiotic recombination) are not at work to harmonize a pool of genes, and we instead find cells that are varied and cosmopolitan collections of genes; where some genes are in transit, assisted by mechanisms that transport itinerant genes from opportunity to opportunity; some were parked by accident during a passing blight; and some, once useful, are now marginally supported by selection? Microbiologists haven't agreed on an answer to this question, but they are sifting through data to synthesize a new theory of microbial species and diversity that brings Darwin's views of natural selection into alignment with modern views of microbial genetics and global ecology.
So far we've covered some basics: (i) for those who have never been on a microbial nature walk, there are some amazing, very recognizable, microbial species, and (ii) contrasted with the efficiency of meiotic sex, the microbial version of genetics sounds like it was modeled on Grand Central Station. Two additional observations are critical to understanding the arguments about microbial speciation. The first is the importance of the vast size of microbial populations in nature, and the second is the subtler concept of neutral variation and sequence space.
Microbial populations vastly outnumber populations of multicellular organisms, particularly the charismatic fauna and flora we admire. I'm fond of gazing across the sea surface in mid ocean and contemplating how many of my favorite organism-the bacterium SAR11-are within eyesight. These cells sometimes reach numbers of 1 billion per liter of water, and rarely drop below 1/10 of that. The largest microbial populations-including SAR11-may reach 10 27 , but 10 9 is closer to the limit for successful animals. As Fisher showed in the 1930s, and later Kimura in the 1980s, the size of microbial populations can change the game. The bigger the population, the more efficient evolution is.
Sex isn't everything-it may generate variation efficiently, but the other big factor is selection, where bacteria have an edge with their mind-boggling numbers. Such numbers mean that selection can distinguish between very minor differences in populations of microbial cells and increase the frequency of characteristics that it couldn't act on in small populations of multicellular organisms. Michael Lynch pointed out that this argument may explain why selfpropagating "selfish DNA" elements, like introns, are so common in multicellular organisms and so rare in large microbial populations.
The next issue to consider is perfection. In the industrial world this is an ideal, and perfect things are exactly alike; but perfect things in the biological world are rarely exactly alike. Every biologist who works with DNA instinctively knows this because of a computer tool called BLAST, which identifies genes by finding a match. The first genome of an archaeon to be sequenced was that of Methanococcus jannaschii, which lives in hot springs on the sea floor, and can grow on a mixture of hydrogen, CO 2 , and salts. Because this organism has DNA, it must also have an enzyme to make the DNA component thymidylate-but searches of the genome using BLAST failed to turn up any genes that matched known thymidylate synthase genes in the M. jannaschii genome. Eventually, using some clever tricks, Rajeev Aurora and George Rose found the missing gene, which was only 7% identical to known thymidylate synthase genes.
This scenario raises a conundrum: if microbial evolution is so efficient, how can vitally important genes be so different in amino acid sequence? The explanation is neutral variation. In the biological world, structures that are nearly perfect in function can look very, very different. These sorts of differences are more apt to accumulate in very large, very old populations of organisms, which describes microbial populations quite accurately.
Microbes are the frontier beneath our feet; yet it has taken a long time for Darwin's ideas to approach their full potential for interpreting microbial diversity. Natural selection is probably very efficient at improving microorganisms to make them nearly ideal "machines" for reproducing in natural environments, but at the same time the age and size of these populations, the constantly changing environments they must adapt to, and their varied repertoire of DNA acquisition mechanisms make them extraordinarily diverse.
Thus the problem with the microbial species concept lies in knowing where to draw the line. Microbiologists entered the new millennium with wonderful tools to measure microbial diversity in cultures and in nature, and one of the wonders of technology is that it has made these organisms much more visible, revealing previously unimagined details of their form, function, and diversity. These tools are revealing the incredible extent of microbial diversity, but they don't tell us where one species ends or another begins. Thus interpreting data presents both major challenges and tremendous opportunities in evolutionary biology, and for those involved in the task of defining microbial species today, numerous options and questions remain.
There are aesthetic qualities to science that lie in the power of truly rational explanations and in the beauty of the organisms we study. I began this essay with a reference to my graduate mentor, Richard Castenholz, who brought a sense of natural history to microbiology for his students by instilling observational craft and instinct. My parting thought is an aesthetic experience that imbued the phrase "microbial species" with a different meaning for me. I'm imagining a very cool and clear Oregon spring at Mares Egg Spring, where colonies of the cyanobacterium Nostoc once deceived me into asking myself, "how did those beautifully round stones land with such perfection on that bed of fine grey sand?" The answer is that billions of years of evolution brought them there.
